We describe the identification of zyxin as a regulator of synapse maintenance in mechanosensory neurons in C. elegans. zyx-1 mutants lacked PLM mechanosensory synapses as adult animals. However, most PLM synapses initially formed during development but were subsequently lost as the animals developed. Vertebrate zyxin regulates cytoskeletal responses to mechanical stress in culture. Our work provides in vivo evidence in support of such a role for zyxin. In particular, zyx-1 mutant synaptogenesis phenotypes were suppressed by disrupting locomotion of the mutant animals, suggesting that zyx-1 protects mechanosensory synapses from locomotion-induced forces. In cultured cells, zyxin is recruited to focal adhesions and stress fibers via C-terminal LIM domains and modulates cytoskeletal organization via the N-terminal domain. The synapse-stabilizing activity was mediated by a short isoform of ZYX-1 containing only the LIM domains. Consistent with this notion, PLM synaptogenesis was independent of α-actinin and ENA-VASP, both of which bind to the N-terminal domain of zyxin. Our results demonstrate that the LIM domain moiety of zyxin functions autonomously to mediate responses to mechanical stress and provide in vivo evidence for a role of zyxin in neuronal development.
INTRODUCTION
During neuronal development, the formation and maintenance of synapses are highly regulated to ensure the proper function of both pre-and postsynaptic partners. The outgrowth of axons to their targets and the formation and stabilization of synaptic contacts are critically dependent on adhesion of the neuron to extracellular substrates during outgrowth and subsequently to target cells (Raper and Mason, 2010; Benson and Huntley, 2012) . These sites of adhesion provide the linkages to transduce forces generated by the cytoskeleton that drive axonal outgrowth and shape, developing synaptic specializations (Suter and Miller, 2011) . However, neurons do not grow in isolation, but rather in the context of the growth of the entire organism. This environment is the source of many extrinsic forces that also impact the cell and thus must be sensed and accounted for during this process (Franze, 2013) . The influence of extrinsic mechanical forces on neuronal development has long been recognized. For example, Weiss (1941) described the process of stretch growth of axons, and recent experiments have documented the extensive influence of stretch forces on axon growth rates (Pfister et al., 2004) . Likewise, muscle contractions are crucial for the axonal guidance of Rohon-Beard cells in developing zebrafish (Paulus et al., 2009) . Although the extensive influence of extrinsic mechanical forces on neuronal development is well documented, the cellular mechanisms by which these forces are detected and harnessed are poorly understood.
Zyxin is one protein implicated in regulating cellular responses to mechanical and stress forces applied to sites of adhesion. Zyxin was originally purified from avian smooth muscle as a basic phosphoprotein (Beckerle, 1986) . Zyxin localizes to focal adhesion plaques as well as adherens junctions, and is implicated in regulating cell adhesion, migration, mechanotransduction and actin-based morphological remodeling in normal and cancerous cells (Drees et al., 1999; Yoshigi et al., 2005; Hoffman et al., 2006; Yu and Luo, 2006; Sy et al., 2006; Colombelli et al., 2009; Mori et al., 2009; Sperry et al., 2010) . Zyxin contains an N-terminal proline-rich region and three tandemly arrayed zinc-finger LIM domains at the C-terminus (Sadler et al., 1992) . Biochemical studies revealed that the N-terminal region of zyxin binds to the actin-remodeling proteins α-actinin and ENA-VASP Drees et al., 2000) ; the LIM domains interact with a variety of structural and signaling proteins including transcription factors (Degenhardt and Silverstein, 2001; Martynova et al., 2008) . This supports an important role of zyxin in relaying signals from actin-rich cell adhesion sites to the nucleus. The LIM domain is sufficient to localize zyxin to actin stress fibers (Smith et al., 2013) and to the leading edge of migrating cells in response to force (Uemura et al., 2011) and is required for stretch-induced actin remodeling (Hoffman et al., 2012) , thus also implicating zyxin in more local cytoskeletal remodeling. Notably, zyxin is often found to be enriched in epithelial and muscular tissues, but is expressed at relatively low levels in the nervous system (Macalma et al., 1996) . Using cultured neurons, several groups reported zyxin localization at nerve growth cones, suggesting that zyxin might be involved in regulating actin dynamics in extending axons (Gomez et al., 1996; Jay, 2000) . However, the role of zyxin in the nervous system has not been carefully examined, and thus our understanding of its role in neural development remains limited.
Vertebrates express multiple proteins with a similar domain organization to zyxin, including LPP (Petit et al., 2000) , TRIP6 (Yi and Beckerle, 1998) and the more distantly related proteins WTIP (Srichai et al., 2004) , Ajuba (Goyal et al., 1999) and LimD1 (Sharp et al., 2004) . Each contains a poorly conserved N-terminal domain and three C-terminal LIM domains. Many members of this family have been demonstrated to localize to sites of cell adhesion and also to translocate from these sites to the nucleus under a variety of conditions (Petit et al., 2003; Srichai et al., 2004) . Various family members have been implicated in diverse processes including microRNA-mediated gene silencing (James et al., 2010) , responses to hypoxia (Foxler et al., 2012) , hippo signaling (Das Thakur et al., 2010) , PIP2 signaling (Kisseleva et al., 2005) and stress fiber maintenance (Smith et al., 2010; Hoffman et al., 2012) . Molecular genetic analysis in mouse suggests that vertebrate zyxin family members assume functionally redundant cellular roles, since mouse knockouts of LPP and zyxin exhibit few overt phenotypic abnormalities (Hoffman et al., 2003; Vervenne et al., 2009) , whereas Drosophila mutants are inviable (Das Thakur et al., 2010; Renfranz et al., 2010) .
Here we report that zyx-1 acts to stabilize synaptic contacts during synapse development in mechanosensory neurons. In contrast to vertebrates and Drosophila, the C. elegans genome encodes only one zyxin homologue (Smith et al., 2002) . We recovered a zyx-1 mutant in a genetic screen for mutants that disrupted synapse formation in the touch receptor mechanosensory neurons. Timecourse imaging analysis revealed that zyx-1 animals retained the ability to form synapses during development, but that the synapses were often lost. At least some of the synaptic loss was due to breakage and retraction of the neuronal processes that formed synapses. In addition, we discovered that PLM synapses were preserved in immobilized mutants, suggesting that zyx-1 protects PLM mechanosensory processes and synapses from locomotioninduced mechanical stress forces. C. elegans ZYX-1, like the vertebrate homologue, contains an N-terminal proline-rich region and three tandemly arrayed C-terminal LIM domains. Unexpectedly, we found that the neuronal function of ZYX-1 was mediated through an isoform that contains only the LIM domains. We conclude that the LIM domain module constitutes not only a domain of zyxin used to target stress fibers, but also a fully functional protein capable of mediating mechanical responses completely independently of the N-terminal domain.
RESULTS

zyx-1 mutants lack PLM mechanosensory synapses
The touch receptor neurons of C. elegans consist of six neurons that sense gentle touch (Chalfie et al., 1985) . Three cells (PLML, PLMR and PVM) mediate touch responses in the posterior, and three others (ALML ALMR and AVM) mediate touch responses in the anterior of the animal (Fig. 1A) . These cells extend sensory processes along the body just under the cuticle, where specialized mechanosensory receptors are localized and form synapses with interneurons that coordinate locomotion (Chalfie et al., 1985; Emtage et al., 2004) . We have focused on the two posterior lateral mechanosensory PLM (L and R) neurons and the synapses that they form in the ventral nerve cord (VNC) just posterior of the vulva (Fig. 1A,B) . The synapses of the PLMs were visualized using GFP synaptic vesicle (SV)-localized tags and neuronal morphology with cytosolic mRFP, both of which were specifically expressed in the mechanosensory neurons (Nonet, 1999; Bounoutas et al., 2009) . To identify genes that regulate PLM synapse development, we performed ethyl methanesulfonate mutagenesis and screened for disruption of GFP accumulations at the PLM synapses. We isolated sam mutants (SV tag abnormal in mechanosensory neurons) including sam-6( js417) (A. M. Schaefer, PhD Thesis, Washington University, 2001) . Single nucleotide polymorphism mapping, transgenic rescue and sequencing (see supplementary material Methods for details) revealed that sam-6( js417) is allelic to zyx-1, which encodes the sole C. elegans homolog of the zyxin family of cytoskeletonassociated proteins.
We analyzed the mechanosensory neurons of wild-type and zyx-1 mutant animals. In wild-type animals, the SV marker GFP::RAB-3 was predominantly localized to two large accumulations in the VNC, as formed by the two PLM neurons (Fig. 1A,B) . These correspond to the synaptic varicosities observed by electron microscopy (Chalfie et al., 1985) . By contrast, in over 80% of zyx-1( js417) and zyx-1(gk190) mutants, the GFP::RAB-3 accumulations were absent from the VNC, and in an additional 15% of mutants one of the two varicosities was absent (Fig. 1B) . Using a cytosolic mRFP marker to visualize the entire neuronal process, we observed that in late L4 zyx-1 animals the synaptic branch was absent or terminated prematurely before reaching the VNC. Moreover, GFP::RAB-3 accumulated in closely spaced puncta in the distal region of the PLM anterior-posterior-directed processes (Fig. 1B) . In the animals that formed synapses, the varicosities were often smaller than in the wild type (Fig. 1B) and were occasionally mispositioned posteriorly (discussed in detail below).
To assess if the reduction of zyx-1 function affects more general aspects of nervous system development, we determined the localization of the SV protein RAB-3 and the active zone-localized protein UNC-10 (homologous to vertebrate Rim1). RAB-3 and UNC-10 immunostaining in the nerve ring, the VNC, the dorsal nerve cord (DNC) and the SAB head cholinergic neurons of zyx-1 mutants was indistinguishable from that of the wild type (Fig. 1C) , indicating that zyx-1 worms have a grossly normal organization of synaptic structures. Furthermore, we observed no changes in the gross morphology of cholinergic, GABAergic or GLR-1-expressing neurons in zyx-1 animals (supplementary material Fig. S1 ). Likewise, PVD neurons, which branch extensively, were also normal, showing a comparable density of branches to the wild type (supplementary material Fig. S2 ). Furthermore, ALM touch neurons formed morphologically normal synapses in the nerve ring (supplementary material Fig. S3 ). Therefore, we conclude that the function of zyx-1 in regulating synapse development is restricted to subsets of neurons and in particular to the PLM neurons of the mechanosensory system.
Delayed synapse formation in zyx-1 mutants To assess whether the apparent absence of synapses in zyx-1 mutants reflects a failure of synapse formation or of synaptic maintenance, we analyzed the GFP::RAB-3 localization pattern in mechanosensory neurons of both wild-type and mutant animals throughout larval development. At hatching, PLM neurons in wild type had undergone outgrowth along the anterior-posterior axis, with GFP::RAB-3 puncta scattered throughout the PLM processes and the soma ( Fig. 2A) . In wild-type animals, PLM neurons began extending a ventral branch ∼2 h post hatching (hph) and, by the end of the L1 stage (14 hph), 85% of PLM neurons had extended a branch to the VNC and terminated in bright GFP::RAB-3-filled varicosities. These nascent 'synapses' were stable and grew in size throughout larval development ( Fig. 2A,B ; supplementary material Fig. S4 ).
Our developmental studies suggest that zyx-1 mutants are able to form PLM synapses, although they form more slowly and at a lower frequency than in the wild type. In early L1 zyx-1 animals, branch formation was delayed by several hours, but nevertheless in 88% of animals at least one PLM had extended a branch to the VNC by the end of the L1 stage ( Fig. 2A; supplementary material Fig. S4 ). At the middle of the L2 stage, 77% of zyx-1 animals had formed at least one PLM synapse ( Fig. 2B; supplementary material Fig. S2 ). Although branch initiation, branch extension and GFP::RAB-3 varicosity growth were delayed, the growth rate (time from hatching to adulthood) of the zyx-1 animals was comparable to that of the wild type, indicating that this delay did not reflect an overall delay in the development of the animal.
zyx-1 PLM synaptic varicosities are unstable
The GFP::RAB-3 accumulations that formed in zyx-1 mutants often failed to expand in size and were observed less frequently later in larval development. This was revealed by the decreasing number of PLM branches and synapses after 24 hph ( Fig. 2B ; supplementary material Fig. S4 ). By the time zyx-1 animals were young adults, only 34% of zyx-1 PLM synaptic branches still showed accumulations in the VNC. Two other developmental timecourse experiments performed at room temperature with a less frequent sampling protocol showed a similar timecourse of PLM branch formation and loss (supplementary material Fig. S5 ). Thus, zyx-1 animals form PLM synaptic branches and synapses, but many of these are not stably maintained through development.
Evidence that zyx-1 processes break What happened to the PLM branches that were lost from L2 to adult stages in zyx-1 animals? Several lines of evidence indicate that zyx-1 animals continue a repeated cycle of branch formation and breakage. First, we saw evidence of broken PLM branches with 'retraction bulb'-like structures in which the PLM process was broken and a large bright spherical accumulation of both mRFP and GFP::RAB-3 was located at the end of the process (Fig. 3 ). These types of structure are associated with axon retraction in vertebrates (Balice-Gordon et al., 1993; Gan and Lichtman, 1998) . In association with these structures, we also observed mRFP-positive (and sometimes GFP::RAB-3-positive) spherical 'remnants' in positions where mature synapses usually reside (Fig. 3) . Although the retraction bulbs were rare ( presumably because they are highly transient structures), the remnants were commonly observed in L3, L4 and young adult, but were only rarely observed in the wild type (supplementary material Fig. S4 ). Furthermore, these remnants were not observed in zyx-1 animals that had formed two mature PLM neurons, and cases of two remnants were only observed in animals without PLM synapses. Two PLM neurons are located on the left (PLML) and right (PLMR) side of the tail ganglia, and each sends out a process anteriorly and branch into the VNC, where they form a large synaptic varicosity. Two ALM neurons are located on the left (ALML) and right (ALMR) side in the mid-body, and each extends a process anteriorly and branch into the nerve ring. PVM is located on the left side in the posterior and extends a single process to the VNC, where it turns and extends far anteriorly. AVM is located on the right side in the anterior and extends a single process to the VNC, where it turns anteriorly and extends to the nerve ring. Our studies focus on the PLM branches and synapses found in the boxed region, as shown in B. (B) Morphology and presynaptic specializations of PLM neurons visualized with cytosolic mRFP and GFP::RAB-3 expressed under the mec-7 promoter. Confocal images of wild-type animals revealed the two PLM synaptic varicosities labeled by GFP::RAB-3 in the VNC (arrows). By contrast, most zyx-1 young adults lacked PLM synapses; rather, the GFP::RAB-3 signal accumulated as puncta in the PLM processes, forming a beads-on-a-thread-like pattern (arrowheads). Occasionally, PLM synapses were observed in zyx-1; however, these usually were of reduced size and GFP::RAB-3 intensity (arrow). The morphology of the PVM neuron was not affected in zyx-1 mutants (asterisks indicate the PVM cell body). Strains used were NM3361 and NM3410. (C) zyx-1 mutants have otherwise grossly normal synaptic structures. Wild-type and zyx-1(gk190) mutant animals were fixed, permeabilized and immunostained for the synaptic vesicle-associated protein RAB-3 and the presynaptic active zone protein UNC-10. No significant differences were observed between wild-type and zyx-1 animals in the nerve ring (NR), VNC, DNC or in the head cholinergic SAB motor neurons. Strains used were N2 and VC299. Scale bars: 20 μm.
These data are consistent with these structures representing the degrading distal portions of PLM synapses after PLM branch breakage.
We also observed that as zyx-1 animals developed they formed supplementary branches in addition to the normal two (one for each PLM) found in the wild type. First, we observed numerous larval zyx-1 animals with three and occasionally four or five collateral branches (16% of L2 stage animals; supplementary material Fig. S4 ). The presence of three complete branches was exceedingly rare in the wild type (1% in L2 and not observed at later stages; supplementary material Fig. S4 ). Furthermore, we observed branches in positions where branches were virtually never observed in the wild type; 16% of zyx-1 L3 animals, 9% of L4 animals and 7% of adult animals had collateral branches extending ventrally between the PLM soma and the PVM process, whereas these posterior branches were never observed in the wild type ( Fig. 2A ; supplementary material Fig. S4 ). In many cases these branches formed varicosities (which could theoretically be functional synapses, as the postsynaptic partners of PLM are present in the VNC in this area). These branches were never observed in L1 and early L2 zyx-1 or wild-type animals. We interpret these as additional late-initiated attempts to form synaptic collateral branches.
In summary, we conclude from our observations that in zyx-1 animals synaptic collateral branches are initiated, but the branches only inefficiently transition into mature synaptic branches due to catastrophic events, which are likely to comprise axon breakage. In response to these failures, zyx-1 animals initiate additional branch formation events, and many of these additional branches share the same fate as the original branches.
Developmental studies confirm synaptic loss
To confirm that zyx-1 mutants fail to maintain presynaptic specializations, we followed individual animals by imaging them multiple times during development. In one experiment we Fig. 2 . zyx-1 mutants are unable to maintain mechanosensory synapses. (A) Timecourse of PLM synapse development in wild-type and zyx-1 (gk190) animals at 22.5°C. The mechanosensory neurons were double labeled with GFP::RAB-3 and cytosolic mRFP. Images are maximal projections of multiple image planes taken in widefield epifluorescence configuration. The left panels show animals in a roughly ventral orientation, whereas the larger animals in the right panels are in a lateral orientation. Arrows mark the position of PLM branches. PVM is born at ∼8 hph, and thus was absent from the earlier time points. Scale bars: 10 µm for 2-16 hph; 20 µm for 24-48 hph. (B) Quantification of PLM processes that had initiated branches, formed full branches reaching the VNC, and formed synapses at various time points after hatching. n=24-192 for individual time points. A detailed breakdown of this dataset is given in supplementary material Fig. S4 . Strains used were NM3361 and NM3413.
imaged animals three times: at 12 hph (late L1), at 24 hph (∼L2/L3 molt) and at 48 hph ( just after the L4/adult molt). GFP::RAB-3 accumulations in wild-type animals were stable in these time intervals (Fig. 4A) . By contrast, of the 12 hermaphrodite animals we successfully triply imaged, seven showed apparent synaptic retractions: five began with two accumulations and lost one, and two animals began with one accumulation that later disappeared. In addition, we also quantified branch and synaptic loss in a set of three experiments in which 15-20 animals were examined in the early L2 larval stage and then again in the L4 larval stage. In these experiments (summarized in supplementary material Fig. S5 ), 42% of the animals lost or retracted one branch, 17% lost or retracted two branches, 32% lost one GFP::RAB-3 accumulation, and 15% lost two accumulations. Together, our results indicate that synapse formation is slightly delayed in PLM neurons and that most synapses formed in zyx-1 animals are unstable. Thus, ZYX-1 participates in the cellular process of PLM synapse formation, maintenance and growth during larval development. (A) Timecourse of PLM synapse structure of representative animals. Individual wild-type or zyx-1(gk190) animals were immobilized in 10 mM sodium azide at 12 hph, imaged at 100 ×, recovered on an NGM plate, and then reimaged in similar fashion at 24 hph and 48 hph. The zyx-1 examples illustrate that PLM synapse loss is stochastic. In the top example, one synapse is lost while the other grows. Furthermore, they illustrate that PLM synapses can be lost both early (bottom) as well as late (top) in development. Scale bar: 10 µm. (B) Temperature shift of zyx-1(gk190) animals showing the PLM synapses in L4 larvae as a function of the time of shift (from permissive to non-permissive temperature, or vice versa). n=127-253 animals for shifted time points and n=95-173 for unshifted controls. Strains used were NM3361 and NM3413. ) were often present in L3, L4 and young adult zyx-1 animals. They usually consist of one very bright spot (but occasionally multiple closely spaced spots, see D) that were positioned between the processes of PVM (lower brighter process marked by double arrow) and AVG (upper brighter process marked by double arrow), which demarcate the most ventral and most dorsal regions of the VNC. Most remnants were mRFP positive and GFP negative, but a minority were double positive (see E,F). Occasionally, two distinct widely spaced remnants were seen (H,I; the less bright remnant is out of the plane of focus). Dashed arrows mark PLM processes; white arrowheads label large PLM synapses; and asterisks label presumed distal ends of severed PLM branches (in A,B). Gut granules (examples marked with chrevrons) are also visible in many images. Strains used were NM3361 and NM3413. Scale bar: 10 µm.
We also observed that the ability of zyx-1 mutants to form synaptic varicosities was greatly influenced by temperature. When zyx-1 mutants were raised at 15°C, synapses appeared to form much more reliably than when animals were raised at 25°C (supplementary material Fig. S6; Fig. 4B ). Since both the zyx-1 alleles that we examined (including a deletion allele) exhibited similar temperature sensitivity, we presume this is the result of a temperature sensitivity in the requirement for zyx-1 in the process of PLM synaptogenesis, rather than a temperature sensitivity of the ZYX-1 mutant protein. We used this temperature effect to determine when during development zyx-1 gene function is crucial for synaptic development. When zyx-1 embryos were fertilized and grown at 15°C, but shifted to 25°C in mid-L1 or earlier, animals formed few GFP::RAB-3 accumulations. By contrast, animals shifted after the end of L2 formed GFP::RAB-3 accumulations much more robustly. In downshift experiments, mutant animals initially raised at 25°C formed accumulations robustly if shifted after hatching and before the synaptic branch initiated, but formed synapses progressively less effectively when shifting occurred later in the L1 or L2 larval stage. These observations indicate that zyx-1 contributes to synapse formation and maintenance throughout the period of L1 and L2, and thus there is not just a single time point at which it is needed to initiate branches or to stabilize a branch upon reaching the VNC.
ZYX-1B functions cell-autonomously in PLMs to regulate synapse development zyx-1 is a complex gene that is expressed as multiple different isoforms in both muscle and neurons (Lecroisey et al., 2013) (supplementary material Fig. S7 ). The most abundant (at the RNA level) are a long isoform, ZYX-1A, and a short isoform, ZYX-1B. The ZYX-1A isoform, which is analogous to vertebrate zyxin in structure, consists of a poorly conserved domain-less region of 405 amino acids and a C-terminal 198 amino acid region with three highly conserved LIM domains (supplementary material Fig. S8 ). The 200 amino acid ZYX-1B isoform consists of only the three LIM domains. The zyx-1(gk190) 777 bp deletion allele, which was used in most of our experiments, removes the coding exons for the first two LIM domains and disrupts all protein isoforms of ZYX-1 (supplementary material Fig. S8A ), whereas the js417 allele that we recovered contains a splice site lesion in a ZYX-1B-specific exon and thus selectively disrupts ZYX-1B (supplementary material Fig. S8A ), suggesting that C-terminal LIM domains are important for mechanosensory synapse development.
We examined zyx-1 expression during development using N-and C-terminal tagged genomic constructs (supplementary material Fig. S7 ). We found that GFP-ZYX-1B and ZYX-1-GFP were both expressed broadly in neurons and muscle throughout development, while mCherry-ZYX-1 was expressed at low levels throughout development (supplementary material Figs S7 and S9) . Furthermore, we examined the expression patterns of a YFP reporter driven by distinct promoters of the zyx-1 gene. The promoter upstream of the js417 lesion drove expression broadly in both neurons and muscle and was specifically expressed in the PLMs (supplementary material Figs S7 and S10). We then directed the expression of ZYX-1::GFP in mechanosensory neurons, in postsynaptic command interneurons and in muscle of zyx-1 mutants to examine which cell types were required for ZYX-1 function. The PLM synaptogenesis defects were rescued only when ZYX-1 was expressed in the PLMs, indicating that ZYX-1 functions cell-autonomously in the presynapse (Fig. 5A) . The expression of full-length ZYX-1A cDNA in presynaptic mechanosensory neurons (Pmec-7::mCherry::zyx-1::GFP) rescues the zyx-1 mutant phenotype, whereas muscular or interneuronal expression does not. PLM synapses formed per animal are displayed for wild type, zyx-1, and zyx-1 mutants expressing zyx-1::GFP fusions under the control of distinct promoters. Also shown are rescues by a complete zyx-1 genomic construct and a genomic construct only capable of expressing zyx-1b from the P4 promoter. (B) The expression of ZYX-1 C-terminal LIM domains in mechanosensory neurons rescues the PLM synapse defects of zyx-1 mutants. PLM synapses formed per animal are displayed for wild type, zyx-1, and zyx-1 mutants expressing various domains of ZYX-1 under the control of the mec-7 promoter. (A,B) Error bars indicate mean ± s.e.m. n=58-897. (C) Subcellular localization of ZYX-1 LIM domain fusions. The structure of various ZYX-1 domain constructs is depicted alongside the localization pattern observed in PLM and PVM, and the phenotypic consequences of expression of the construct in touch receptor neurons. Many LIM domain constructs were able to traffic to the nucleus, but the rescuing activity of the constructs was independent of subcellular localization. Scale bar: 10 μm.
To assess which domains of ZYX-1 are required for PLM development, we expressed the N-and C-terminal portions in mechanosensory neurons of zyx-1 mutants and assayed for the number of GFP accumulations in the VNC of transgenic progeny. Expression of the ZYX-1 N-terminal domain failed to rescue the zyx-1 synaptic phenotype (Fig. 5B) . However, expression of the ZYX-1B isoform containing only the three LIM domains and ZYX-1 fragments harboring only the second and third LIM domains fully rescued the zyx-1 synaptic defect. Each of the smaller rescuing LIM domain constructs localized to both the cytosol and nucleus (Fig. 5C ). Since vertebrate zyxin has both nuclear and cytoplasmic functions, we expressed a larger fragment of ZYX-1 that contains a region N-terminal to the LIM domains where a nuclear export signal (NES) is located in vertebrate zyxin (Fig. 5A ). This larger construct retained the rescuing activity but was excluded from the nucleus, suggesting that ZYX-1 function in PLM synaptogenesis might not depend on its nuclear localization. Together, our results show that the second and third ZYX-1 LIM domains act cell-autonomously to regulate mechanosensory synapse development. Lecroisey et al., 2008 Lecroisey et al., , 2013 . To define potential mechanisms of action for zyx-1 in mediating PLM synapse development, we examined C. elegans mutants in which these components are disrupted. Mutants in C. elegans homologs of the vertebrate zyxininteracting proteins nectin and ENA-VASP, and mutants disrupting seven previously defined C. elegans ZYX-1-interacting proteins, all formed synapses robustly, in contrast to zyx-1 mutants (Table 1) . Zyxin has been demonstrated to interact with focal adhesions via α-actinin (Reinhard et al., 1999) . Furthermore, prior studies revealed that zyx-1 muscle phenotypes (in a dys-1 hlh-1 mutant background) are mediated via the worm α-actinin ATN-1 (Lecroisey et al., 2013) . However, atn-1 mutants formed PLM synapses normally ( Table 1 ), indicating that ZYX-1 functions via different interacting proteins in muscle versus PLM neurons.
Since the PLM synaptic retraction phenotype of zyx-1 animals resembles that of rpm-1 E3 ubiquitin ligase mutants (Schaefer et al., 2000) and ptrn-1 patronin mutants (Marcette et al., 2014) , we examined whether disruptions of the dlk-1 mkk-4 pmk-3 MAP kinase pathway could suppress zyx-1 defects in a similar manner to their suppression of rpm-1 and ptrn-1 defects (Nakata et al., 2005; Marcette et al., 2014) . However, PLM synapse assembly was not perturbed in the MAP kinase mutants, and zyx-1 mutant defects were not altered in any of the three MAP kinase double mutants (Table 1) . We conclude that the zyx-1 retraction defects are likely to be mediated by a pathway that is independent of the rpm-1/dlk-1 pathway that initiates axon regeneration in response to injury. 
zyx-1 stabilizes synapses but is not essential for PLM synaptogenesis
One possible explanation for the delayed PLM synapse formation in zyx-1 mutants is that the absence of functional ZYX-1 impairs the stabilizing influence of adhesion complexes during PLM synaptic branch extension and mechanosensory synapse formation and growth. Synapses in the VNC and DNC of C. elegans are under constant mechanical strain due to the locomotion pattern of the animal. This was exemplified by the constant deformation of the PLM synaptic varicosities during locomotion, which occurred without long-term changes in overall synaptic morphology (Fig. 6A) . Thus, wild-type PLM presynaptic varicosities are sufficiently adherent to endure these repetitive locomotioninduced mechanical forces.
To examine whether zyx-1 synaptic defects are the result of deficiencies in the ability to respond to mechanical forces acting on the neuronal process, we utilized mutants that disrupt muscle function to test whether reducing movements of the VNC during PLM synaptic development could ameliorate zyx-1 synapse defects. unc-54 animals lack a functional myosin heavy chain and are virtually immobile on agar plates (Waterston et al., 1982) . In an unc-54 background, zyx-1 mutants were able to form and maintain PLM synapses at rates approaching those of wild-type animals (Fig. 6B) . Similarly, immobile paramyosin unc-15; zyx-1 mutant animals also exhibited robustly restored PLM synaptic structures in the VNC (Table 1) . Mutants in unc-112 have late-onset paralysis, with animals moving at hatching but becoming progressively less mobile during development, and are completely paralyzed as adults. Consistent with a major role for zyx-1 during larval stages, unc-112(r367) was much less effective in suppressing the PLM synaptogenesis defect of zyx-1 than the other muscle mutants examined (Table 1) .
Lastly, we examined the timecourse of branch and synapse formation in the unc-54; zyx-1 animals. Branch initiation was restored in early L1 larval stages and synapse formation occurred at a comparable time in L1 development as in unc-54 control animals (Fig. 6C) . This strongly suggests that zyx-1 functions both during branch outgrowth and during synapse growth to stabilize the extending processes and newly formed presynaptic varicosities in an environment of constantly varying mechanical forces.
DISCUSSION
Previous studies have established a role for cell adhesion molecules in regulating synapse development. However, how these cell adhesion molecules transmit the signals in response to mechanical forces in the cell remains poorly understood. Our work provides the first whole-animal in vivo evidence that zyxin mediates cytoskeletal responses to mechanical forces. Our findings suggest that the C. elegans homolog of the focal adhesion-associated protein zyxin is a likely candidate to transmit cell adhesion tension signals during synaptogenesis and to stabilize synaptic varicosities in mechanosensory neurons during their growth at larval stages. Several observations support this notion. First, zyx-1 functions cellautonomously in mechanosensory neurons to regulate PLM synapse development. Second, PLM synapses are well preserved in immobilized zyx-1 animals, suggesting that zyx-1 regulates the adherent properties of PLM synaptic contacts. Third, temperatureshift experiments suggest that zyx-1 is required not only during initial synapse formation in the L1 larvae, but also after these synapses are formed. Fourth, the C-terminal LIM domains of ZYX-1 are evolutionarily conserved and these domains of zyxin have been implicated in the response to stress forces. Fifth, in C. elegans the LIM domains are necessary and sufficient to maintain PLM synapses, suggesting that ZYX-1 LIM domains interact with cytoskeletal or cell adhesion components. Our results suggest that zyxin might provide a crucial link between force-bearing cellular structures and their cytoplasmic signaling function in modulating cytoskeletal and cell adhesion properties to maintain PLM synapses in a force-bearing environment.
Mechanistically, how does ZYX-1 function to regulate process outgrowth and synapse formation and maintenance? To address this issue, we examined several classes of candidates based on known biological functions and/or protein interactions with mammalian zyxin family members (Table 1; supplementary material Table S1 ). Two confounding factors limited our ability to test comprehensively the potential role of some of the proteins in PLM development. In particular, although ZYX-1 is clearly associated with focal adhesions, it is difficult to assess directly whether focal adhesion proteins are involved from the analysis that we performed (supplementary material Table S1 ). First, the α-integrin pat-2, the β-integrin pat-3, the integrin-linked kinase pat-4 and the PINCH protein unc-97 mutants arrest as twofold paralyzed embryos without completing elongation during embryogenesis before PLM synaptogenesis occurs. In these cases, we examined hypomorphic alleles or null alleles rescued by partially functional transgenes to circumvent the lethality, which nevertheless also confounded the interpretation. Second, we have shown that zyx-1 function is dispensable for PLM synapse formation in the absence of movement, and many focal adhesion mutants have severe locomotory defects due to requirements for the affected genes in muscle. The muscle contraction defects in the candidate mutants that we examined could suppress their requirement for PLM development, much as unc-54 suppresses zyx-1. Ideally, musclespecific rescue lines or PLM-specific knockdown lines could be examined to test for neuron-specific function, but this was not performed as creating such lines is an extensive experimental undertaking. Thus, although our data did not reveal a role for focal adhesion components in PLM synaptogenesis (supplementary material Table S1), they do not eliminate the possibility that ZYX-1 functions to regulate synaptogenesis through focal adhesions. Our data do provide more forceful conclusions regarding other components (the null mutants of which are viable and motile), such as eliminating the possibility of an essential role for focal adhesion kinase and α-actinin in mediating ZYX-1 actions in synaptogenesis.
Prior work in C. elegans has examined the role of zyx-1 in muscle (Lecroisey et al., 2008 (Lecroisey et al., , 2013 . As mentioned earlier, ZYX-1 is localized to dense bodies in muscle and this localization is ATN-1 dependent. zyx-1 mutants showed no muscle phenotypes on their own, but in a dys-1 hlh-1 double mutant that exhibits 12-18% muscle cell degeneration the introduction of zyx-1(gk190) to create zyx-1 dys-1 hlh-1 triple-mutant animals reduced this degeneration by 60%. atn-1 mutants showed similar effects to zyx-1 on muscle cell degeneration, and this suppression phenotype was partially reversed by expression of the ZYX-1A isoform. Thus, ZYX-1 function in regulating muscle cell degeneration is mediated primarily by ZYX-1A (the ZYX-1B isoform acted as a dominantnegative in their assay) and is ATN-1 dependent. By contrast, ZYX-1 function in PLM synaptic development is mediated entirely by ZYX-1B and is independent of ATN-1. Thus, the roles of ZYX-1 in muscle versus PLM neurons are likely to be mediated by distinct molecular mechanisms.
Our work provides the first in vivo evidence for a role of zyxin in nervous system development. However, the zyx-1 mutant phenotypes appear to be specific to the PLM mechanosensory neurons. There are several possible reasons why the defect is so selective. First, PLMs have 15 specialized protofilament microtubules (MTs), which contain MEC-7 β-tubulin and MEC-12 α-tubulin, and these unusual MTs interact differently with adhesion complexes than typical neuronal MTs, making them more sensitive to applications of strong force. Second, from prior imaging analysis of PLM synaptic branch processes during outgrowth, we concluded that this process is unlikely to result from a growth cone-mediated process (M.L.N., A.M.S. and S.L., unpublished), but more likely from a filopodial-initiated process similar to that observed in collateral branching in vertebrate systems (Gallo, 2011) . This filopodial-based process extension might employ fundamentally different adhesion mechanisms than growth cone extensions and could explain why many other processes (e.g. GABAergic commissural processes) are unaffected in zyx-1 animals. Lastly, it is possible that we have identified a specialized cellular feedback mechanism in the mechanosensory cells, which is sensing mechanical forces during the formation of mechanosensory synapses to regulate the relative strength of chemical versus electrical connections that mechanosensory neurons make with postsynaptic partners. Further dissection of the molecular mechanism underlying the zyx-1 phenotype will be required to understand the basis of this selective sensitivity.
We observed growth and subsequent retraction of PLM synaptic branches at high frequency in zyx-1 mutants. In addition, we also observed small globular synaptic marker-positive structures in the VNC ( posterior to the vulva) that were no longer connected by a synaptic branch. These very likely represent the remnants of synaptic varicosities that remained after the breakage of the synaptic branches. Surprisingly, in zyx-1 mutants we did not see evidence of cellular attempts to remodel the PLM neurons, as previously described in rpm-1 and ptrn-1 mutants (Schaefer et al., 2000; Zhen et al., 2000; Nakata et al., 2005; Marcette et al., 2014) . Thus, these breakage events did not appear to induce strong dlk-1 activation, which is necessary for axonal regrowth (Nix et al., 2011) and is characterized by exuberant overgrowth of touch neuron processes. Perturbations of MTs are known to activate dlk-1 and induce such remodeling (Valakh et al., 2013; Marcette et al., 2014) . Perhaps loss of zyx-1 leads primarily to perturbations of the actin cytoskeleton network (such as actin stress fibers), and such disruptions are sensed differently than MT perturbation by the axonal damage cellular surveillance systems.
The classic zyxin protein contains a long 'pre'-LIM domain with binding sites for α-actinin, ENA/VASP and adhesion molecules, a nuclear export sequence, and a C-terminal moiety with three LIM motifs. Most studies of this family treat the protein as one entity. However, C. elegans expresses two isoforms of zyxin (1B and 1C) that consist of only the LIM domains. Furthermore, our work demonstrates that the LIM domain-only isoform ZYX-1B functions independently of the pre-LIM domain in mediating the cellular synaptogenesis-promoting functions of ZYX-1 in PLM neurons. Our data also indicate that this isoform of ZYX-1 is intimately involved in sensing forces. Although an analogous LIM domain-only isoform of zyxin has not been characterized in vertebrates, Uemura et al. (2011) have demonstrated the ability of a LIM domain-only fragment to localize at adhesion sites in response to applied mechanical force. Furthermore, several mouse cDNAs consistent with the presence of such an isoform in vivo are present in GenBank (supplementary material Fig. S8 ). The low expression of zyxin in brain could explain the rarity of such transcripts in the public DNA sequence databases (Macalma et al., 1996) . In addition, short isoform cDNAs for mouse Ajuba and WTIP are also present in sequence databases (supplementary material Fig. S8) , and a short isoform of TRIP6 has also been characterized in detail (Kassel et al., 2004) . Thus, we propose that the neuronal functions of vertebrate zyxin (and perhaps other family members) might be mediated by isoforms that have thus far been poorly defined at the molecular level.
Our work implies that the LIM domains of zyxin are capable not only of detecting forces, as has been previously demonstrated, but also of mediating the cellular responses to such forces. However, the mechanism by which the LIM domains mediate these responses remains elusive. LIM domains are known to mediate the translocation of both zyxin and paxillin to stress fibers. An attractive model is that the LIM domains bind directly to actin stress fibers that are being stretched and provide mechanical support to these fibers. Such a mechanism could provide a first line of cytoskeletal support that acts before the recruitment of other cytoskeletal remodeling factors by interaction via the N-terminal domain of zyxin. Alternatively, the LIM domains might be recruited to sites bearing mechanical force by as yet undefined proteins. Further genetic and biochemical studies should refine our understanding of the contribution of the LIM domains in the response to mechanical perturbations of the cytoskeleton.
MATERIALS AND METHODS
C. elegans strains
All C. elegans strains (listed in supplementary material Table S4 ) were maintained on E. coli OP50-spotted NGM plates using standard procedures (Sulston and Hodgkin, 1988) . Alleles used are listed in supplementary material Table S2 . Transgenic markers are listed in supplementary material Table S3 .
Molecular biology
Cloning of zyx-1( js417) is described in the supplementary material Methods; SNP markers used in cloning and mapping are detailed in supplementary material Table S6 . Characterization of gk442 is described in supplementary material Fig. S11 . A detailed description of plasmid constructions is provided in the supplementary material Methods. Oligonucleotides used in these constructions are listed in supplementary material Table S5 .
Immunohistochemistry
Animals were fixed and permeabilized as previously described using anti-UNC-10 (Ab5431, 1:20,000) and anti-RAB-3 (Ab326, 1:2000) (Koushika et al., 2001 ).
Temperature-shift experiments
Wild-type and mutant young adult animals were allowed to lay eggs at 15°C or 25°C on a fresh plate for 1 h and then the adults were removed. Plates were shifted to the alternate temperature at various times after the lay, and then scored for PLM synaptic defects when the animals reached the L4 larval stage.
Scoring for PLM synapses
Bulk scoring of L4 animals (Table 1) was performed by mounting animals on 2% agarose or by placing animals in 8 µl diluted 25 µm solid polystyrene Polybeads (Polysciences) with 10 mM sodium azide. Animals were imaged on an Olympus BX60 or a Zeiss Akioskop microscope and scored for the presence of GFP::RAB-3 accumulations in the VNC just posterior to the vulva. A synaptic varicosity was defined as a GFP::RAB-3 accumulation at the end of the ventral collateral branch extending from the lateral process of the PLMs that was brighter than the GFP::RAB-3 puncta presented in the PVM process in the VNC.
Analysis of neuronal morphology of other cell types and PLM neurons expressing other markers is described in supplementary material Methods.
Quantification of PLM synapse development
Wild-type and zyx-1 animals were grown for various times after hatching from synchronized populations of eggs. Animals were either placed on 2% agarose plates, or placed in diluted 10 or 25 µm polystyrene Polybeads on a slide and covered with a coverslip and anesthetized using 10 mM levamisole or 10 mM sodium azide. Animals were photographed using a Retiga EXi CCD camera (Q-imaging) using OpenLab (PerkinElmer) on an Olympus BX60 in brightfield at 4, 8 or 20 ×, and at several different focal planes in green and red epifluorescence channels using either a 60 × NA 1.4 (L1 and L2 larvae) or a 40 × NA 0.75 (all stages), or a 20 × NA 0.5 (L4 and adults) objective. Length of animals was measured using ImageJ (NIH). Animals were positioned on a developmental timeline based on both length and morphological characteristics ( presence of PVM, position of the PVM axon and germ line size).
A branch was defined as a ventral or dorsal protrusion in the mRFP channel extending at least 2.5 µm. A full branch was defined as a branch extending into the VNC. A synapse was defined as a complete branch that was positive for GFP::RAB-3 in the VNC at levels brighter than the average punctum in the PVM process. A large synapse was defined as a VNC GFP::RAB-3 accumulation in a full branch that was brighter than any GFP::RAB-3 signal in the PLM lateral branch (trafficking SV and SV precursors). Remnants were defined as RFP-positive spherical structures that were brighter than the PVM process, between the PVM process and AVG process, and were not connected by a process to the PLM lateral process.
Multifocal plane images were produced by creating a maximal projection of individual planes, and green and red channel images were merged in Photoshop (Adobe), and levels were adjusted to equalize the background of different images.
Germ line transformation
The transgenic lines were constructed using standard germ line transformation procedures (Mello et al., 1991) . All the zyx-1 rescue plasmids were injected at a final concentration of 30 ng/μl, while the coinjection marker Pmyo-2::GFP and the plasmid vector pcDNA3 were injected at 5 ng/μl and 100 ng/μl, respectively. At least two independent transgenic lines of each injection were analyzed for the rescue of PLM synapse development phenotypes.
